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Abstract: The IceCube one kimeutrino observatory will collect large samples of neutrino interactions,
allowing for observations with small statistical errors. To make maximuenafighis statistical power,

it is also being designed to minimize systematic errors, via a variety of elifferalibration techniques.
LED and laser light sources are a key part of many of these calibratibnitpies. To a signi cant extent,
they mimic cascade §) interactions, allowing fairly direct tests of cascade reconstruction igabs.
This contribution will survey the light sources and discuss selected dadibrstudies.

Introduction

The main goal of IceCube [1] is to detect cosmic
neutrinos of all avors in a wide energy range,
from 100 GeVto 100 EeV and search for their
sources. When complete, the IceCube detector will
be composed of up t4800 Digital Optical Mod-
ules (DOMs) or80 strings spaced b$25m. The
array covers an area of one krfiom 1.45 to 2.45
km below the surface [2].

High energy neutrinos are detected by observing
the Cherenkov radiation from secondary particles
produced in neutrino interactions inside or near the
detector. Muon neutrinos in charged current (CC)
interactions are identi ed by the nal state muon
track [3]. Electron and tau neutrinos in CC interac-
tions, as well as all avor neutrinos initiating neu-
tral current (NC) interactions are identi ed by ob-

serving electromagnetic or hadronic showers (cas-

cades). For example, up tol0 PeV, electromag-
netic showers initiated by the nal state electron

energy resolution®:111in log,,(E) [5]. The good
energy resolution and low background from atmo-
spheric neutrinos makes cascades attractive for dif-
fuse extraterrestrial neutrino searches [6].

Arti cial light sources are of particular importance

in lceCube. Each DOM includek2 LEDs ( ash-

ers) as a calibration source. As shown in Fig.1,
one string also holds a nitrogen laser with abso-
lute calibration that serves as a “standard candle”.
The ashers and standard candle (SC) are used for
a wide variety of purposes: timing, charge ampli-
tude and geometry calibrations, to measure the op-
tical properties of the ice (a key problem for Ice-
Cube), and to mimic cascades. The asher light
output is comparable to cascades with energies up
to about500 TeV, while the standard candle out-
put is comparable to cascades with energies up to
about30 PeV. For the ice studies, the availability
of ashers at different depths is critical, allowing
comparisons of ice properties at different depths.
These studies build on the lessons learned from

can be approximated as expanding light spheresAMANDA, which pioneered the use of arti cial

originating from a point source. A0 TeV cascade
triggers IceCube optical modules out to a radius
of about130m [4]. Cascade reconstruction is ex-
pected to have limited pointing capability but good

light sources [7].

In this report we present the results of a few se-
lected studies performed with the ashers and stan-
dard candle: geometry and timing calibrations, and
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Figure 1: Schematic of the IceCube detector show-
ing the location of the Standard Candle. For clarity,

only two out of80 strings are shown. Figure 2: Digital Optical Module with six horizon-

tal and six vertical LED ashers.

the position resolution of cascade algorithms. This
work uses data collected during 2006 with 9 strings
that had been deployed in IceCube at that time.

LED Flashers

Each DOM contains a asher board which holds
twelve 405nm LEDs. Six of them point horizon-
tally outward and six point upwards at48 de-
grees. They are mounted on the top and the bot-
tom of the asher board respectively, cf. Fig.2.
The LEDs are individually ashed with a pro-
grammable pulse width and amplitude. Typical
asher runs lasb00s with the LEDs ring at1OHz

at full brightness, with nominal width dfO ns.
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tion of the DOMSs. Figure 3a) shows a schematic

of one study that was used to measure the relative

depth of DOMs on different strings. The LEDs in  Figure 3: a) Schematics of the interstring detec-
a DOM on one string were pulsed and arrival times tor geometry measurement. The asher light from
for nine nearby DOMs on a neighboring string LEDs on DOM 39-15 is seen on a neighboring
were analyzed. The time of the earliest thitwas string. b) The earliest hit time distribution for light
derived from the photon arrival time distribution, detected at DOM88-10. ¢) The earliest hit time ob-
cf. Fig. 3b), by tting a Gaussian in the turn-on served at DOMs on string8 shown as a function
region:to = 3; where and arethe mean of the relative depth between the observing DOMs
and sigma of the Gaussian. The uncertainty is de- and the ashing DOM.

termined by propagating the errors on the t pa-

rameters. The arrival times of the earliest hits are
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converted to distances (assuming that there is no
scattering, appropriate for the rst photon seen).
Figure 3c) shows these distances versus the relative
depth from the deployment records. This distribu-
tion was tted with a hyperbola to determine the
relative depth and lateral separation between the
two strings. The position of the minimum gives
the relative depth and is used to correct the string
position determined from deployment and survey
data. Systematic uncertainties in the determination
of the lateral separation are under study.

Timing Calibration

Flasher data are used also to verify the system tim-
ing resolution. The method isto ashan LED on a
DOM and measure the arrival time of light reach-
ing a nearby DOM, as shown in Fig. 4a). The ear-
liest photons are likely not scattered, hence the dif-
ference in timing between the two DOMSs re ects
the time in ice. The distance between DOMs on
the same string ( 17m) is smaller than the light
scattering length in ice (25m) and the light inten-
sity is high enough so that direct light is seen on
neighboring DOMs. The resolution is dominated
by electronics and timing uncertainties. A distri-
bution of the rst photon arrival time for a single
receiving DOM is shown in Fig. 4b). The resolu-
tion for most DOMs was found better th@ms, as
shown in Fig. 4c), con rming the precision of the
time synchronization procedure. The results are
consistent with an alternative method which uses
muon tracks [2].

Figure 4: a) DOM53is ashing. b) Photon ar-
rival time delay at DOM62when DOM53is ash-
ing. c) RMS variation of time delay measured with
ashers for59 DOM pairs on an IceCube string.

Cherenkov radiation observed in IceCube. This re-
sults in 10 % shorter absorption and scattering
lengths, and requires adjustments to the amplitude
calibrations. Pre-deployment calibration and inter-
nal power measurement contribute to 10% uncer-
tainty in light output. The light intensity is deter-
mined on a pulse-by-pulse basis.

The SC is equipped with an adjustable attenuator
that can reduce the light output down to 0.5% of the
full scale. This is used to study detector (especially
photo-multiplier tubes) non-linearities. We plan to
deploy one additional standard candle, which will
point downwards or to the side, allowing different
cascade geometries to be studied in future.

Standard Candle

The Standard Candle (SC) is an in-situ calibrated
N, pulsed laser, which emits light with a wave-
length of 337 nm. It is used to study cascade re- Figure 5 shows an event with the SC at full laser

construction, and to provide a method for calibrat- intensity. Results from the SC laser events re-
ing the cascade energy scale which is independentconstruction as cascades are shown in Fig. 6.

Reconstruction Results

of Monte Carlo simulations. At 100 % intensity,
the SC generatdgg:0 0:4) 10 photons which
are emitted at an angle of 4iith respect to the
candle axis, as is shown in Fig. 1. TA& angle

The dashed histogram shows the center-of-gravity
(COG)x position. The COG is calculated for each
event as the signal amplitude weighted mean of all
hit DOM positions. The mean CO& position,

was chosen to approximately match the Cherenkov ahout512 m, is about30 meters from the actual

radiation from a cascade. Although the light dis- SCx position 0f544m (shown as a dashed-dotted
tribution initially matches that of a cascade, the line). The reason for this discrepancy is that the SC
wavelength o337 nm is shorter than most of the
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Figure 5: Standard Candle event display with 162
DOMs hit. The size of the circles is proportional to

the signal amplitude, while the color distinguishes
between relative photon arrival times in the DOMs.

is on a string at the edge of tl®estring array, and
the COG is pulled toward the center of the array.
The COG is used as a rst approximation for a full
maximum-likelihood reconstruction algorithm [8].
This algorithm considers the photon arrival times
at all of the other DOMs. It nds arx position
(continuous histogram) within 10 m of the actual
SC position for about 99% of the events. Similar
results have been obtained foandz vertex posi-
tions. The fact that the algorithm can nd the posi-
tion so well for asymmetric events (with DOMs on
only one side of the SC) gives us con dence in the
reconstruction algorithm accuracy.

Summary

The IceCube asher LEDs and standard candle
laser are used for a variety of calibration and ver-
i cation studies, including geometry and timing
calibrations, and studies of ice properties. It has
been demonstrated that for most DOMs the tim-
ing resolutions is better tha® ns and the DOM
positions are known to 1 m. These studies will
help IceCube reduce the systematic errors for var-
ious physics analyses. Arti cial light sources have
also been used to study the position reconstruction
performance of cascade reconstruction algorithms,

and to study the absolute energy scale of the de-

Figure 6: The reconstructedvertex position of
‘cascades' from SC events. The dashed histogram
shows the center-of-gravity (COG) position, and
the continuous histogram shows the reconstructed
vertex position. The dashed-dotted line is the 'true’
SC laser position in the detector € 544:1 m).

tector. In future, they will be used to study also
the energy and directional reconstruction of more
advanced algorithms.
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